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ABSTRACT
This paper describes the impact of display resolution and lu-
minance on the responses of participants in a behavioral study
that used a projection-based Immersive Virtual Reality System.
The scenario was a virtual bar where participants witnessed a
violent attack of one person on another due to an argument about
support for a soccer club. The major response variable was the
number of interventions made by participants. The study was
between-groups with 10 participants in two groups pre-upgrade
and post-upgrade, both in the same 4-screen Cave-like system.
However, the post-upgrade group experienced the scenario with
projectors that had a significantly higher level of resolution and
luminance than those experienced by the pre-upgrade group.
The results show that, other things being equal, the number
of both verbal and physical interventions was greater amongst
those in the post-upgrade group compared to the pre-upgrade group.
Keywords: User studies, large format displays, Cave system, vir-
tual characters, presence, bystander behavior.
Index Terms: I.3.7 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Virtual reality
1 INTRODUCTION
Successful applications of virtual reality in the psychological and
behavioral sciences rely on people acting and responding realisti-
cally to virtual events and situations. This has been referred to as
the sensation of presence [12] and a number of studies have sought
to unravel various factors that may contribute towards such realistic
response. Some technological factors studied have been the sys-
tem used [11], the field of view [7], the frame rate [2], the use of
a head tracking [3], the number of displays [4] and the latency be-
tween the participant’s actions and the results in the displays [10].
In this paper we consider, for the first time, the impact of a global
improvement in the display characteristics of the virtual reality sys-
tem, while holding all else constant - including the content and ren-
dering of the scenario. In particular the focus of this paper is on the
impact on responses of participants to the changes caused by an up-
grade to the projector system. Note that this is not concerned with
realism of illumination as in other papers [16, 15], nor on behav-
ioral realism [6, 1] but purely is concerned with the characteristics
of the display.
Each participant, a supporter of English Premier League soccer
team Arsenal F.C. entered a virtual bar and was approached by a
virtual man wearing an Arsenal red shirt, who asks him questions
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about the favorite soccer team of them both (Figure 1a). The vir-
tual character is very sociable and shows through his chatter and
body language that he is a big fan of Arsenal. At some point during
the conversation, a second virtual man wearing a blue unbranded
shirt who had been sitting nearby, stands up and starts an argument
with the first one (Figure 1b), specifically denouncing support of
Arsenal. Initially, the argument does not seem serious, but soon
escalates and the man with the blue shirt becomes increasingly ag-
gressive towards the virtual supporter, who, from his side, tries to
defuse the situation. The experiment ends when it gets to the point
of physical violence.
(a) The victim during the initial conversa-
tion.
(b) Victim and aggressor during the initial
stage of the confrontation.
Figure 1: Two screen shots of the scenario taken from the angle of
the participant. The victim wears a red Arsenal F.C. shirt
This study uses a scenario described in our previous paper [14],
where we discussed the circumstances that would make a bystander
more likely to intervene in an emergency, more specifically, when
they witness a violent outbreak. The earlier paper specifically stud-
ied the influence of group affiliation. Our hypothesis was that if the
bystander supported the same team as the victim, then the bystander
would be more likely to intervene to defuse or stop the fight, than if
they were not the supporters of the same team. The results indicated
that a soccer supporter is more prone to help another person wear-
ing a shirt of the team he supports. This has also been previously
observed in an experiment with real actors described in [8], but the
situation was not one of a violent emergency. Perceiving the person
who needs help as someone who has the same group affiliation as
the bystander is a factor that is positively related to the likelihood of
the bystander offering help to him. In the scenario we used for the
study explained in this paper, both victim and bystander supported
Arsenal.
2 METHODS
An experiment was carried out in a Cave-like VR system. In this
paper we use the term ‘Cave’ to refer to the generic type of system
described in [5]. It has 3 walls of width 3m and height 2.2m. The
floor has a projection surface of 3×3m. There were two different
setups that we refer to as pre-upgrade and post-upgrade. By pre-
upgrade we mean before the change of all the projectors, and by
post-upgrade we mean after the projectors had been changed. All
other aspects of the Cave system remained unchanged. In the pre-
upgrade setup, 4 CRT projectors were used with an image resolu-
tion of 1024×768 pixels and 90Hz refresh rate. The manufacturer’s
stated luminance for each of these projectors is 1250 Lumens. The
post-upgrade setup consisted of 4 DLP projectors with a resolution
of 1400×1050 pixels and 100Hz refresh rate; for the floor projec-
tion the image was cropped to 1100×1050 pixels to produce an
almost square projection. The manufacturer’s stated luminance for
each of these DLP projectors is 3150 Lumens. For both projector
setups, the graphics hardware was the same (PC cluster each with
NVidia Quadro FX 5600 graphics). Note that the differences in dis-
play resolution and frame rate were dictated by the specifications of
the projectors in both setups. In both cases, the scenario was ren-
dered in stereo mode and the participant was wearing Crystal Eyes
shutter glasses synchronized to the projectors. An Intersense IS-
900 system was used to track the participant’s head and adjust in
real time the imagery to his perspective.
2.1 Differences in Projector Display Characteristics
Taken at face value, the luminance data suggest that for participants
in the post-upgrade group, the illuminance was 2.5 times greater
than for pre-upgrade. However there are many other factors that
should be considered. Firstly, it is likely that manufacturer specifi-
cations will tend to be maximum achievable values. The luminance
figures for both sets of projectors would be moderated by the ac-
tual images projected for the scenario and this was the same for
both sets of projectors. Likewise, illuminance is a function of the
transmission of light by the rear-projected screens (or the reflection
of light by the front-projected floor screen), so also there would be
the same effect for both sets of projectors. However the following
aspects would not be the same:
• The DLP projectors used for the post-upgrade setup operate
at almost maximum power all the time (notwithstanding small
reductions to accommodate color balance across the 4 projec-
tors). This is not the case for the CRT projectors used for
the pre-upgrade setup, for which running at maximum power
can burn out the phosphor of the CRTs very quickly. A rough
estimate is that they operated at 75-85% of their maximum
output.
• The phosphor on the surface of the CRTs of the projectors
had deteriorated (they were 4 years old) and so this would
have further reduced luminance.
• The luminance from projectors is also affected by the lens
used - it is hard to say how much this affects either the DLP
or the CRT projectors. One obvious reduction in luminance
will have come from the blanking of part of the image of the
DLP floor projector (post-upgrade).
The accumulated effect of these differences most likely accen-
tuates the difference between the two sets of projectors (i.e. the
ratio of luminance values is likely much greater than 2.5) since the
factors stated above affect the CRT projectors more than the DLP
projectors.
However, there is a further confounding aspect to this compar-
ison, since we are really concerned with the perceived difference
between the two sets of projectors. Even carefully-measured il-
luminance values cannot provide an accurate comparison. At the
start of each trial, the participants experienced the virtual scenario
for two minutes before the victim entered. During this time their
eyes would have adapted, to some degree, to the lighting levels of
the projection setup used.
The display resolution of the DLP projectors on the walls
(1400×1050) yields a pixel size of 2.1×2.1 mm, while on the floor
the resolution (1100×1050) yields a pixel size of 2.7×2.8 mm.
In comparison, the resolution of the CRT projectors (1024×768)
yields a pixel size of 2.9×2.9 mm on the walls and 2.9×3.9 mm on
the floor.
The combination of higher illuminance and smaller pixel size in
the DLP projectors produces an image that is obviously clearer and
more detailed than that of the CRTs, but it is not sufficient to de-
scribe this in a quantitative way. The DLPs are more than 2.5 times
brighter, and have almost double the number of pixels, than the CRT
projectors; but how exactly this affects the perception of the images
and the responses to a virtual environment is less quantifiable. We
can speculate as to how the greater detail that can be perceived en-
hances our responses to the virtual world. For example being able
to see facial expressions in greater detail might encourage more em-
pathic responses to virtual characters, while a reduction in clarity or
resolution might tend to break the illusion of the virtual world.
2.2 Experiment design
20 male participants were recruited and assigned arbitrarily to one
of the two groups. All of them were strong Arsenal supporters (on
the question How much do you support your team? in the recruit-
ment questionnaire, they scored 4 or higher on a scale from 1 -
not at all- to 7 -very much so-). The pre-upgrade group’s degree
of support for Arsenal was between 4 and 7 and the post-upgrade
group between 5 and 7, with no significant difference between the
groups. The age distribution of both groups was between 18 and
34 with no differences between them. The experience in VR lasted
for about 7 minutes for each participant, depending on the length
of the responses during the conversation that the participant had
with the virtual man prior to the confrontation. The confrontation
was scripted and it always had the same duration, 2 minutes and 12
seconds. Since it was scripted, nothing that participants could do
would make any change in the scenario, so the confrontation would
carry on regardless of their responses.
2.3 Response variables
The response variables observed were the number of physical inter-
ventions and the number of verbal interventions. A physical inter-
vention was as considered any body movement that the participant
made to try to catch the attention of the virtual characters, such as
moving close to them, moving into their field of view, reaching out
to them with the hand or placing the arms and hands between them
to try to separate them. A verbal intervention was considered as
the participant speaking to either one of them or to both of them.
Two physical actions made at the same time were considered as
just one physical intervention. A physical action made at the same
time as a verbal interjection were considered as two separate in-
terventions, one physical and one verbal. Two physical actions or
two verbal interjections were considered as just one intervention if
the gap between them was shorter than 3 seconds. Video coding
was the primary technique to count the interventions. Participants
were video recorded with their consent thus we could review their
responses and know exactly what they did and said.
Immediately after the termination of the scenario participants
were asked to answer some questions about the feelings and
thoughts they just had during the confrontation. The questions are
listed in Table 1.
3 RESULTS
The response variables were counts of the number of physical
(numphysical) and the number of verbal (numverbal) interventions.
Box plots of the numbers of responses are shown in Fig.2. It can be
seen that the distributions are highly skewed and are not Gaussian.
In fact count data response variables are appropriately analysed us-
ing a log-linear Poisson regression model of the form:
log(µi) = β0 +
k
∑
j=1
β jxi j, i= 1, ...,n (1)
Table 1: Questionnaire and Associated Variable Names. Partici-
pants had to answer, on a 1..7 scale, how much each statement ap-
plied to themselves, where 1 means ‘not at all’ or ‘at no time’, and
7 means ‘very much so’ or ‘almost all the time’
Variable name Question
Uncomfortable After the argument started, I was feeling un-
comfortable with the situation.
Othersafety After the argument started I was sometimes
concerned for the safety of the man being
threatened.
Ownsafety After the argument started I was sometimes
concerned for my own safety.
Help After the argument started I looked around
for help.
Otherpeople After the argument started I looked around
to check in case other people might arrive to
make the situation worse.
Victimlooked After the argument started, the victim looked
at me wanting help.
Moveaway After the argument started I felt I should
move away from those people.
Melooking After the argument started, the aggressor was
aware of me looking at him.
Shouldstopit After the argument started, I felt I should do
something to stop it.
Couldstopit After the argument started, I felt I could do
something to stop it.
Getout After the argument started I felt that I needed
to get out.
Mindwandering My mind started wandering and thinking
about other things during the argument.
for n observations on the response variable yi, i = 1, ...,n and k ex-
planatory variables xi1, ...,xik and each yi being independently Pois-
son distributed with the expected value E(yi) = µi [9].
The independent variable here is the binary variable upgrade
(pre-upgrade=0, post-upgrade=1), n = 20 (10 in each upgrade
condition) and the explanatory variables are the questionnaire re-
sponses. These are included in order to take account of any poten-
tial interpersonal differences between the two groups in their sub-
jective responses to the scenario.
In order to identify the minimal set of right-hand side variables
to include in the model we adopted a highly stringent stepwise ap-
proach. A stepwise regression starts by including in the fit all the
variables, and then iteratively removes variables with significance
P < α1, but includes variables which if added would have signifi-
cance P < α0, typically with α0 < α1. Here we chose α0 = 0.005
and α1 = 0.01. The analysis was carried out using the Stata 121
stepwise procedure with Poisson regression. All variables, both up-
grade and the questionnaire variables were of the same status in
terms of inclusion or not in the final regression, so that were up-
grade to be included this would be entirely the result of the stepwise
procedure and was not predetermined.
The results are given in Table 2. It can be seen that the step-
wise procedure includes upgrade for both response variables, and
that the post-upgrade condition is significantly and positively asso-
ciated with the number of interventions. Also in the case of both
responses, being uncomfortable was positively associated with the
number of interventions. The feeling of wanting to move away from
the virtual characters was negatively associated with the number of
physical interventions. However, the belief that the aggressor was
aware that the participant was looking at him was associated with
an increase in the number of verbal interventions. Fear by the par-
1http://stata.com/stata12/
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Figure 2: Box plots of the numbers of interventions by upgrade.
The median is shown as the thicker line, and the box is the in-
terquartile range. The bars extend to 1.5 the interquartile range.
Points outside of the bars are shown as dots.
ticipants for their own safety was associated with a decrease in the
number of interventions. In each case the greatest contributor in
absolute terms was upgrade, which has the greatest absolute co-
efficient, which is especially the case for the number of physical
interventions.
Table 2: Poisson log-linear Regressions of numphysical and
numverbal on the independent variable upgrade, and the question-
naire variables from Table 1. The final result is from a stepwise re-
gression with bidirectional elimination with inclusion significance
level of 0.005 and exclusion significance level of 0.01. R2 is the
pseudo multiple squared correlation which indicates the proportion
of variance in the response explained by the model. χ2 is a test of
goodness of fit of the model, based on the deviance of the fit, with
16 d.f. Low values of χ2 (high values of associated P) indicate a
good fit.
Variable Coeff. (β ) S.E. (β ) P a R2 χ2(16)
numphysical: 0.42 13.0,
P=0.68
upgrade 2.44 0.62 0.000
moveaway -0.56 0.17 0.001
uncomfortable 0.61 0.20 0.003
β0 -2.65 1.23 0.031
numverbal: 0.33 23.5,
P=0.07
upgrade 1.07 0.37 0.004
uncomfortable 0.61 0.15 0.000
melooking 0.97 0.22 0.000
ownsafety -0.70 0.24 0.004
β0 -2.79 0.85 0.001
aP= 0.000 means P< 0.0005.
It should be noted that if we choose still more stringent values for
the inclusion significance level α0 and the exclusion α1 we get very
similar results. For example, consider α0 = 0.001 and α1 = 0.005.
In the case of numphysical the final model fit includes upgrade (P=
0.001) and moveaway (P= 0.001). In the case of numverbal the fit
does not change.
One caveat that is sometimes argued (appropriately) is that for
stepwise fits the final significance values are not strictly valid, since
there would have been several significance tests during the stepwise
fitting process. In fact in the case of numphysical there were 12 it-
erations (removal and addition of a variable) before reaching the
final fit, and in the case of numverbal there were 9 such iterations.
So even if we go to the extreme of adopting the Bonferroni cor-
rection of dividing the traditional 0.05 significance level by 12 and
9 respectively, the results are still well into the usual significance
zone.
Table 3 shows the marginal predicted mean number of interven-
tions, that is, after the elimination of the effects of the questionnaire
variables. The results emphasize the relatively large change in the
predicted number of interventions for the post-upgrade condition
compared to the pre-upgrade, other things being equal.
Table 3: Predicted Marginal Number of Interventions eliminating
the effect of the questionnaire variables
Condition Predicted Mean S.E. 95% CI
numphysical:
Pre-upgrade 0.42 0.16 0.10 - 0.74
Post-upgrade 4.85 2.06 0.81 - 8.90
numverbal:
Pre-upgrade 1.48 0.34 0.82 - 2.14
Post-upgrade 5.14 1.22 2.75 - 7.53
4 DISCUSSION
The results show a significant difference in the number of inter-
ventions between groups. The number of both physical and verbal
interventions tends to be higher in the post-upgrade version of the
scenario (others things being equal). The upgrade variable is the
one with a stronger effect on the number of interventions, but others
extracted from the questionnaire are also important. For example,
the feeling of being uncomfortable with the situation or whether
the participant thought the aggressor knew he was looking at him
are positively associated with the number of interventions as well.
Other variables had the opposite effect. Participants who reported
a strong feeling of wanting to move away or those who were con-
cerned about their own safety intervened less.
The results of this study can be put into the context of the Place
Illusion and Plausibility paradigm discussed in [13]. Place Illusion
was argued to occur when sensorimotor contingencies match those
of real life. In particular with head-tracked virtual reality partici-
pants can perceive the world visually through close-to-normal use
of their head to change gaze direction. However, sensorimotor con-
tingencies also depend on the display characteristics. If moving the
head towards a virtual object reveals its pixelated structure this does
not conform with expectations from sensorimotor contingencies in
reality. Here both the luminance was greater and the pixels were
smaller in the post-upgrade condition compared to the pre-upgrade.
We speculate that the different behavior in the post-upgrade setting
was likely due to a greater sense of being there, a component of
presence, that participants would have likely felt compared to those
in the pre-upgrade condition.
5 CONCLUSIONS
Immersive Virtual Reality has been used to place people in the sit-
uation that needs to be studied, since it has been shown that people
have a tendency to respond realistically, despite the fact they know
what they are in is a simulated environment. This increases the de-
gree of ecological validity of this type of experiment compared to
traditional methods such as studies based on typically abstract and
definitely non-violent conflict based created in a laboratory setting.
Nevertheless, special attention needs to be given to what technol-
ogy is being used, since different results might be obtained from
different setups and these could differ in important ways from the
results obtained from real-life based experiments. The change in
our projector system offered us a rare and valuable opportunity to
examine the impact of such a global change in the display while
holding all else constant. This has allowed an interesting insight
into how such changes can apparently result in changed participant
responses.
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